We report the discovery of an African American Y chromosome that carries the ancestral state of all SNPs that defined the basal portion of the Y chromosome phylogenetic tree. We sequenced~240 kb of this chromosome to identify private, derived mutations on this lineage, which we named A00. We then estimated the time to the most recent common ancestor (TMRCA) for the Y tree as 338 thousand years ago (kya) (95% confidence interval ¼ 237-581 kya). Remarkably, this exceeds current estimates of the mtDNA TMRCA, as well as those of the age of the oldest anatomically modern human fossils. The extremely ancient age combined with the rarity of the A00 lineage, which we also find at very low frequency in central Africa, point to the importance of considering more complex models for the origin of Y chromosome diversity. These models include ancient population structure and the possibility of archaic introgression of Y chromosomes into anatomically modern humans. The A00 lineage was discovered in a large database of consumer samples of African Americans and has not been identified in traditional hunter-gatherer populations from sub-Saharan Africa. This underscores how the stochastic nature of the genealogical process can affect inference from a single locus and warrants caution during the interpretation of the geographic location of divergent branches of the Y chromosome phylogenetic tree for the elucidation of human origins.
Characterizing the root of the phylogenetic tree of individual genetic loci has influenced many researchers in their attempts to infer the time and place of the origin of anatomically modern humans (AMHs). [1] [2] [3] [4] Analyses of the nonrecombining portion of the Y chromosome and mtDNA have suggested that recent common ancestors lived in sub-Saharan Africa within the last 200,000 years. 5 However, estimates of the time to the most recent common ancestor (TMRCA) have been consistently lower for the Y chromosome (~60-140 thousand years ago [kya]) [6] [7] [8] than for mtDNA (~140-240 kya). 9, 10 A variety of evolutionary processes (e.g., natural selection, differential migration of males and females, and/or a skew in the breeding sex ratio) have been invoked to explain this difference. [11] [12] [13] Genotyping of a DNA sample that was submitted to a commercial genetic-testing facility demonstrated that the Y chromosome of this African American individual carried the ancestral state of all known Y chromosome SNPs. To further characterize this lineage, which we dubbed A00 (see Figure S1 , available online, for proposed nomenclature), we sequenced multiple regions (totaling 240 kb) of the X-degenerate portion of this chromosome, as well as a subset of these regions (~180 kb) on a chromosome belonging to the previously known basal lineage A1b (which we rename here as A0). We note that all sampling procedures described herein were approved by and performed according to the ethical standards of the University of Arizona Human Subjects Committee. The ancestral state of each polymorphic site was inferred with pairwise alignments between the human (UCSC Genome Browser hg18) and chimpanzee (panTro3) reference sequences, and mutations were assigned to the branches (i.e., A00 and A0) shown as thick lines in Figure 1 on the basis of an infinite-sites model (Table S1 ). To estimate the TMRCA of the Y chromosome tree that incorporates the newly discovered root defined by A00, we developed a likelihood-based method that uses mutation rates recently estimated by Kong et al., 14 who performed high-coverage wholegenome sequencing on 78 human pedigrees. Assuming that mutations in the X-degenerate portion of the Y chromosome follow the linear model presented by Kong et al., 14 we adjusted for male-specific mutation processes. If m Y is the mutation rate per year per base for the Y chromosome, L is the length of sequence analyzed for the autosomes, T is the average number of new mutations per genome in the autosomes, g is the generation time, b is the increment in mutation rate per base per year increment in the paternal age, F is the number of mutations originating in the mother, and g 0 is the average age of fathers in the study, 14 then Figure S2 ). This resulted in a range for m Y (across values of g) of 4.39 3 10 À10 % m Y % 7.07 3 10 À10 . To obtain point estimates of the ages of nodes in Figure 1 , we used the median value of m Y at age 30 years (6.17 3 10 À10 ). To obtain upper and lower bounds of the CIs, we used the lower and upper bounds of m Y , respectively. Estimates of mutation rate in Kong et al. 14 are consistent with those from a variety of large-scale sequencing studies, [15] [16] [17] [18] [19] making it unlikely that our TMRCA estimates are strongly biased by an excess of false negatives in genome sequence data from human pedigrees.
We estimated the TMRCA of human Y chromosomes as 338 kya (95% CI ¼ 237-581 kya). Using a joint likelihood 20 and the same mutation rate, we also estimated a divergence time between A0 chromosomes and the human reference as 202 kya (95% CI ¼ 125-382 kya), a time that is older than that previously obtained by Cruciani et al. (142 kya) . 6 This discrepancy in the age of A0 is due to the fact that the earlier study did not utilize mutation rates based on recently obtained whole-genome sequence data.
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If we were to use the higher mutation rate (1.0 3 10
À9
per base per year 6 ) rather than a realistic range derived from whole-genome sequencing (4.39 3 10 À10 À 7.07 3 10 À10 ), the estimated TMRCA for the tree incorporating A00 as the basal lineage would be 209 kya, which is only slightly older than current estimates of the TMRCA of mtDNA and the age of the oldest AMH fossil remains. We note, however, that the higher mutation rate produces an estimate for the common ancestor of all non-African Y chromosome haplogroups (C through T) of~39 kya 6 (i.e., versus~63 kya for the mutation rate used here). It is difficult to reconcile the younger estimate with the timing of the out-of-Africa dispersal on the basis of the analyses of autosomal DNA 21 and the fossil record outside of Africa. [22] [23] [24] [25] Regardless of which mutation rate is applied, the analysis of relative ages of nodes 26 shows that the TMRCA of the A00-rooted tree is 67% older (95% CI ¼ 35%-126%) than that of the A0-rooted tree. We then genotyped a set of six Y chromosome short tandem repeats (Y-STRs) (DYS19, DYS388, DYS390, DYS391, DYS392, and DYS393 27 ) and found that the A00 chromosome carried the following alleles: 16-11-19-10-12-13. Upon searching a large pan-African database consisting of 5,648 samples from ten countries (Cameroon, Nigeria, Ghana, Senegal, Uganda, Tanzania, Malawi, Zimbabwe, Mozambique, and South Sudan), we identified 11 Y chromosomes that were invariant and identical to the A00 chromosome at five of the six Y-STRs (2 of the 11 chromosomes carried DYS19-16, whereas the others carried DYS19-15). These 11 chromosomes were all found in a sample of 174 (~6.3%) Mbo individuals from western Cameroon (Figure 2 ). Seven of these Mbo chromosomes were available for further testing, and the genotypes were found to be identical at 37 of 39 SNPs known to be derived on the A00 chromosome (i.e., two of these genotyped SNPs were ancestral in the Mbo samples) (Table  S1 ). Using the joint likelihood for the split of two Figure 1 . Genealogy of A00, A0, and the Reference Sequence Lineages on which mutations were identified and lineages that were used for placing those mutations on the genealogy are indicated with thick and thin lines, respectively. The numbers of identified mutations on a branch are indicated in italics (four mutations in A00 were not genotyped but are indicated as shared by Mbo in this tree). The time estimates (and confidence intervals) are indicated kya for three nodes: the most recent common ancestor, the common ancestor between A0 and the reference (ref), and the common ancestor of A00 chromosomes from an African American individual and the Mbo. Two sets of ages are shown: on the left are estimates (numbers in black) obtained with the mutation rate based on recent whole-genomesequencing results as described in the main text, and on the right are estimates (numbers in gray) based on the higher mutation rate used by Cruciani et al.
lineages and a sublineage internal to one of them, 20 we estimated that the most recent common ancestor of the African American and Mbo A00 chromosomes lived between 2.6 and 73 kya (95% CI, maximum likelihood estimate ¼ 17 kya). We also estimated the level of variation among nine A00 lineages (i.e., including one additional Mbo individual) by using a battery of 95 Y-STRs for which all individuals had no missing data; (Table S2) . A medianjoining network 28 shows that the African American A00
lineage is 11 mutational steps from the nearest Mbo and that the maximum difference between any pair of Mbo is nine steps (Figure 3 and Table S2 ). On the basis of these levels of within-and between-group variation, we calculated a second divergence time estimate of 564-2,697 years (Table 1) by assuming a mean Y-STR mutation rate of 1.32 3 10 À4 and 2.76 3 10 À5 per year, respectively. 29, 30 In contrast to the estimates of all previous studies, our estimate of the Y chromosome TMRCA predates both that of known mtDNA lineages 9, 10 and of the likely time of origin of AMHs on the basis of current fossil evidence. 31 Although we identified the A00 lineage in an African American, the unusual Y-STR profile associated with this individual's Y chromosome allowed us to identify the same divergent lineage in a single ethnic group living in a small region of western Cameroon (Figure 2 ). Interestingly, contrary to previous Y chromosome and mtDNA studies, we did not identify the most basal lineage in a traditional hunter-gatherer population, such as the Khoisan or Pygmies. [32] [33] [34] [35] Rather, like the majority of groups that now occupy sub-Saharan Africa, the Mbo are a Bantu-speaking population. Given the large stochasticity expected in the genealogical process of a single locus, 36, 37 we should not be surprised that the Y chromosome genealogy does not match the currently accepted phylogeny of human populations on the basis of genome-wide data, 38 which show that the earliest divergence events involved the ancestors of extant traditional hunter-gatherers. [39] [40] [41] Given what we know about the coalescent process, the lack of dense sampling in sub-Saharan Africa (especially compared with Europe) has most likely contributed to the failure to identify more cases of incongruence between genealogical and population divergence. The large sample size of African Americans was critical for the discovery of the A00 lineage given its very low frequency estimate in sub-Saharan Africa (0.19% [95% CI ¼ 0.11%-0.35%]). However, even the large consumerbased African American data set examined here is a highly biased representation of sub-Saharan Africans because it captures only the genetic diversity inherited from ancestors living at a particular time and place (i.e., essentially the West African coastal source area of the Atlantic Slave Trade, which took place between the 15 th and 19 th centuries). 42 It is likely that a much richer understanding of the Y chromosome phylogeny, as well as of genetic variation in general, would be achieved if more dense and even sampling were to be conducted across sub-Saharan Africa, especially given its high level of genetic diversity. Although the stochastic nature of the evolutionary process can explain the aforementioned incongruences, the extreme age and rarity of the A00 lineage point to the possibility of a highly structured ancestral population, consistent with recent work on the autosomes. 40, 41, 43, 44 This could take the form of long-standing population structure among AMH populations 45 or archaic introgression from an archaic form into the ancestors of AMHs. 46 Interestingly, the Mbo live less than 800 km away from a Nigerian site known as Iwo Eleru, where human skeletal remains with both archaic and modern features were found and dated to~13 kya. 47 Further surveys in subSaharan Africa and in the African Diaspora might uncover more diverged basal lineages, which will help to disentangle some of the complex evolutionary processes that shape patterns of Y chromosome diversity. Finally, the discovery of the A00 lineage demonstrates the power of public participation in the scientific process-a venture that is likely to continue in the current era of personal genomics.
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